Abstract Historical studies of eye movements in motor neurone disease (MND) have been conflicting although current findings suggest that eye movement abnormalities relate to frontal lobe impairment. Numerous case reports, however, describe slow saccades and supranuclear gaze palsies in patients with MND often associated with bulbaronset disease. We performed a study of saccades and smooth pursuit in a large group of patients with MND to examine for any differences between bulbar-onset and spinal-onset patients. Forty-four patients (14 bulbar-onset and 30 spinal-onset patients) and 45 controls were recruited. Reflexive saccades, antisaccades and smooth pursuit were examined using infra-red oculography and all subjects then underwent neuropsychological evaluation. Reflexive saccades were found to be slower in bulbar-onset compared to spinal-onset patients and controls (p = 0.03, p = 0.05). Antisaccade latency (p = 0.01) and antisaccade type 1 errors (p = 0.03, p = 0.04) were increased in patients compared to controls. 'Proportion of time spent in smooth pursuit' and smooth pursuit 'velocity gain' were reduced in patients compared to controls (p = 0.000, p = 0.001). Antisaccade errors and velocity gain correlated with neuropsychological measures sensitive to lesions of the frontal lobes. This is the first study to highlight the presence of slow saccades in bulbar-onset MND. These findings suggest that slow saccades may be due to increased brainstem pathology in bulbar-onset disease that involves burst cell neurons. Furthermore these observations highlight the potential for overlap between bulbar-onset MND and progressive supranuclear palsy (PSP) as both can have a bulbar palsy and slowed saccades.
Introduction
The most recent studies of eye movements in MND suggest that the underlying aetiology is that of frontal lobe impairment. Shaunak et al. [42] found significantly elevated error rates and latency in antisaccade and remembered saccade paradigms, with relative preservation of reflexive saccades and a significantly increased frequency of small saccades intruding on fixation. Smooth pursuit was found to be normal. These findings were felt to suggest frontal lobe impairment as lesional studies of the frontal eye fields cause increased latency of antisaccades but not reflexive saccades [40] . Furthermore, increased antisaccadic errors have been associated with lesions of the prefrontal cortex [39] . Functional imaging studies in humans have further delineated the role of the cortical eye fields in saccade generation. A recent study found that the frontal eye fields (FEFs) were predominantly concerned with voluntary (endogenously generated) saccades while reflexive saccades (those made in response to an external stimulus) correlated with activation in the angular gyrus of the inferior parietal lobe [30] in the region of the PEF. Another study of eye movements in MND [12] found that one-third of 51 patients with MND displayed high distractibility (as evidenced by antisaccade errors) and that this correlated with some components of frontal lobe neuropsychological tests (STROOP and WCST). More recently the neuropsychological profile of apparently nondemented MND patients has been characterised as a subclinical frontal lobe dysfunction [1, 3, 4, 13-15, 20, 24, 26] . Recent work by the authors formally examined ocular fixation for the first time in MND and found that saccadic intrusion amplitude correlated with tests sensitive to lesions of the frontal lobe [11] . These findings point to frontal lobe impairment as the basis of eye movement abnormality in MND.
Numerous abnormalities, however, have been reported in the literature including slow saccades [6, 17, 23, 34, 35] , saccadic interruption of smooth pursuit [23, 36] , gaze palsies [36, 41] , horizontal gaze nystagmus [41] , difficulties in maintaining fixation [37] and reduced smooth pursuit gain [2, 17, 23, 34] . Many of these studies, however, were very small, lacked controls and pre-dated the El Escorial criteria (EEC) [8] . Several case reports, however, have described slow saccades and supranuclear gaze palsies in patients with MND often associated with cognitive impairment, advanced or bulbar-onset disease [6, 21, 35, 47] . Some of these had supportive neuropathological evidence of MND and one case report was able to show clinico-pathological correlation for slow vertical saccades by the finding of gliosis in the riMLF (rostral interstitial medial longitudinal fasciculus) which houses the burst cell neurons for vertical saccades [6] . It is likely therefore that if saccades were slow in MND it would be more obvious in bulbar-onset compared to spinal-onset disease. The authors performed a study of saccades and smooth pursuit in MND to examine for any differences between bulbar-onset and spinal-onset patients.
Methods

Patients and controls
The study was approved by the local ethics committee [Office for Research Ethics Committees in Northern Ireland (ORECNI)] and was therefore performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Inclusion criteria included MND patients as defined by the original El Escorial criteria [8] excluding 'ALS/MND plus' cases or those with associated dementia as defined by the Neary Criteria [32] . Subjects were not on any medications known to affect eye movements nor had they any eye or brain conditions that would affect eye movements. All subjects had normal bedside ophthalmic examinations. Patients were alert and responsive during testing and displayed no clinical evidence of respiratory weakness or hypoxia and none required noninvasive ventilation support. Patients were recruited from the Northern and Republic of Ireland MND registers. Control subjects were recruited via patients' spouses or carers, hospital staff and healthy volunteers. All patients and controls gave informed consent before inclusion into the study.
Demographic and clinical data
Basic demographic and clinical data were collected including age and sex to allow for matching between patients and controls. Patients received the amyotrophic lateral sclerosis functional rating scale revised (ALSFRSr) [9] and a separate bulbar score was recorded from a component of the questionnaire. Disease duration was defined as the time from symptom onset to the date of inclusion in the study. Disease onset was recorded for each patient as spinal-or bulbar-onset. If a patient presented with both they were categorised as bulbaronset.
Eye movement recording
Eye movements were recorded using the infra-red scalar limbus system (Skalar Medical Iris Infra-red Light EyeTracker Model 6500) which records up to ±15°in the horizontal plane. The output of the system was filtered at 100 Hz (-3 dB) and digitised to 12 bit resolution. Subjects were positioned in a hydraulic chair in the dark with their necks supported and their heads immobilised with head tongs. Measurements were recorded from one eye only. The height of the chair was adjusted to ensure that the subjects' eyes were level with the target stimulus. The target stimulus used for calibration and each task was a square of light subtending an angle of 0.25°projected onto a black tangential screen 1.5 m away from the subject. VSG Eyetrace data acquisition software developed by CRS (Cambridge Research Systems) was employed to collect and process the data. Two of our authors, RCMcG and RP, developed additional software to allow calculation of specific test parameters. Prior to the test, the equipment was calibrated to each subject. Data were stored in files in a password-protected computer.
Reflexive saccade task
A single green target moved between nine positions along a horizontal line between ±15°. The target movements occurred at random time intervals to reduce anticipatory saccades. Subjects were requested to follow the green target. This task consisted of 100 target movements and lasted approximately 120 s. For each saccade the following four measurements were recorded: latency, amplitude, peak velocity and duration. When peak velocity and duration are plotted against amplitude (called main sequence plots) the relationships can be characterised by mathematical equations. The peak velocity--amplitude main sequence plot can be explained by an exponential model and the duration--amplitude main sequence plot by a linear relationship where A is saccadic amplitude, K and L are constants that describe the exponential slope of the data, C is the intercept and M represents the gradient of the line [7] , [16] .
Although the duration--amplitude relationship is actually explained by a power relationship, it can be described by a more simple linear relationship for all except very small amplitude saccades. Mean latency, K, L and M values were used as outcome measures.
Antisaccade task
A central red stimulus was presented to the subjects before being replaced by a green stimulus at ±3.838°, 7.673°, 11.505°or 15.329°, presented at random time intervals. Subjects this time were requested to fixate the central stimulus and when aware of the peripheral green stimulus, to look in the equal and opposite direction. This test consisted of 50 stimuli and lasted approximately 180 s. As in the reflexive saccade task, K, L, M and latency values were measured as outcomes. These variables were based on correct or successful antisaccades. Type 1 and type 2 absolute error counts were also measured as the total number of errors made throughout the recording. A type 1 error is where a subject looks incorrectly towards the stimulus and does not correct themselves while a type 2 error is where they do correct themselves.
Smooth pursuit
A white stimulus moved from across the screen from one side to the other before jumping back to its start point and starting again. This test was carried out at increasing speeds of 5, 10, 15, 20 and 25°/s. The same sequence of tests was then repeated in the opposite direction. Ten tracings were therefore recorded for each subject. Subjects were instructed to follow the light as closely as possible. Each of the pursuit tasks lasted for 20 s. Outcome measures included velocity gain and proportion of time spent in smooth pursuit. Velocity gain is the ratio of stimulus to eye velocity during smooth pursuit where the eye velocity is calculated by taking the average of velocity data during a smooth pursuit period. The proportion of time spent in smooth pursuit is the total test time during which smooth pursuit criteria (eye velocity within 10°/s of target velocity) were met. The number of SIs that interrupted smooth pursuit were also measured including their geometric mean SI amplitude. Each record was examined separately to identify saccadic intrusions and prevent the inclusion of inappropriate eye movements such as blinks.
Neuropsychological tests
A brief neuropsychological evaluation was undertaken to test a range of cognitive functions. These included NART [33] and the Graded Naming Test (GNT) [28] to allow accommodation for intelligence and language, STROOP [46] and the verbal fluency index (VFI) [5] to assess frontal lobe function, VOSP [48] to assess occipito-parietal function and the hospital anxiety and depression scale [49] . The VFI employed letter fluency using 's' and 'c' letters. Further details of their use can be found in a previous publication [11] .
Statistical analyses
Independent t tests and one-way analysis of variance were used to compare means between groups for the eye movement variables and clinical and neuropsychological test variables. Some data sets required log transformation to allow parametric testing because of skewed distributions. For non-normally distributed data, the MannWhitney U and Kruskal-Wallis H tests were used. Multiple linear regression was used to compare means between groups whilst adjusting for covariates. Finally, correlation analyses were performed between any significant eye movement variable and neuropsychological tests and clinical measures of disease. For data not normally distributed, the Spearman's rank correlation coefficient was used instead of the Pearson's coefficient. To examine for an association between two continuous variables while adjusting for covariates, multiple linear regression was employed.
Results
Demographic and clinical characteristics
Forty-four patients (15 females, 29 males) and forty-five controls (29 females, 16 males) were recruited. The groups were age-matched with a mean age of 60 years for both groups. There were 30 spinal-onset and 14 bulbar-onset cases. Mean and median disease duration was 52 and 39 months, respectively. The mean ALSFRSr score for patients was 35 (range 18-47).
Saccades
The results for saccades are displayed in Table 1 . Reflexive saccades were normal in patients compared to controls, however, when a sub-group analysis was performed comparing spinal-and bulbar-onset cases with controls a statistically significant difference was found for 'k' (p = 0.03). 'K' represents the gradient of the velocity--amplitude plot and is equivalent to saccade speed. Post hoc tests revealed that K was reduced in bulbar-onset compared to spinal-onset patients (Bonferroni adjusted p = 0.03, F = 3.8, df = 2) and bulbar-onset compared to controls (Bonferroni adjusted p = 0.05, F = 3.8, df = 2).
Antisaccade latency was found to be increased in MND patients compared to controls but sub-group analysis failed to find any statistically significant differences between bulbar-and spinal-onset patients. A significant difference was observed between the groups for type 1 errors. Significant differences were noted between bulbar-onset and spinal-onset patients (p = 0.008) and bulbar-onset patients and controls (p = 0.002).
Smooth pursuit 'Velocity gain' and 'proportion of time spent in smooth pursuit' decrease with increasing speed. This decline was found to be more rapid in MND patients compared to controls (see Figs. 1, 2) . The difference between patients and controls was examined by way of the gradient produced from data as displayed in Figs. 1 and 2 . Mean 'velocity gain' reduced by 0.3 from 5 to 25°/s in MND patients compared to 0.1 in controls (p = 0.001). Mean 'proportion of time spent in smooth pursuit' was reduced by 60% from 5 to 25°/s in MND patients compared to 40% in controls (p = 0.000). Velocity gain and proportion fell more sharply in bulbar-onset patients compared to spinalonset patients and controls but sub-group analyses did not reach statistical significance. The frequency of SIs that interrupted smooth pursuit was not found to be greater in MND patients compared to controls (p = 0.1). The amplitude of SIs during smooth pursuit did not differ between the groups (p = 0.1).
Correlations
No correlations were observed between saccade speed in bulbar-onset patients and any clinical or neuropsychological 
Discussion
Saccades
While no difference was found between MND patients and controls for reflexive saccades, sub-group analysis found that reflexive saccades were slower in bulbar-onset patients. Shaunak et al. had found reflexive saccades to be normal, however, earlier reports in the literature had found slowed saccades [23, 34] . No study to date has looked specifically at saccades in bulbar-onset patients. Bulbaronset patients are likely to have more extensive brainstem pathology compared to spinal-onset patients and are therefore more likely to have damage to the pre-motor burst cell and omnipause neurons of the midbrain and pons. Lesions in these areas are known to cause slow saccades [22] . These findings might also help to explain case reports in the literature that describe slow saccades and supranuclear gaze palsies in patients with MND [6, 21, 35, 47] .
Where the diagnosis of MND relies heavily on clinical examination it is important to be aware of the spectrum of abnormalities that are consistent with the diagnosis. Eye movement recordings are performed in the clinical setting most commonly to look for slow saccades in parkinsonian patients, whom the physicians feel may be developing features of PSP. In this context therefore, the results in this study highlight the potential for confusion if presented with a patient with a pseudo-bulbar syndrome and slow saccades, as the diagnosis may be consistent with either MND or atypical PSP.
Increased antisaccadic latency and type 1 errors were observed in MND patients compared to controls. These results are similar to those reported by Shaunak et al. [42] . While lesions of the FEFs cause patients to have increased latency of correct antisaccades with a normal percentage of errors [38, 40] , studies have shown that lesions involving the DLPFC cause patients to have significantly more difficulty suppressing unwanted saccades than controls [18, 27, 38, 39] . The suppression of unwanted saccades is equivalent to increased antisaccadic errors. These findings were supported by a functional MRI study by Muri et al. [31] who found significantly increased activation in the DLPFC of ten healthy subjects performing an antisaccade compared to a saccade task. The DLPFC connects to the superior colliculus either directly or indirectly via the basal ganglia/thalamus indicating that increased antisaccade errors could be caused by a defect anywhere along this pathway [22] . However, a study examining patients with discrete lesions along this pathway found that those patients with lesions of the thalamus or basal ganglia exhibited normal antisaccadic errors, supporting the hypothesis that antisaccadic errors relate to the direct DLPFC-superior colliculus pathway [10] . The finding of increased antisaccadic latency and type 1 errors in MND patients in this study therefore implicates the involvement of the FEF and DLPFC and is supported by the correlation found between type 1 errors and the STROOP test. Furthermore, type 1 errors correlated with the ALS-FRS and its bulbar component indicating that patients with more bulbar dysfunction have higher levels of distractibility. This was also found by Evdokimidis et al. [12] who found a correlation between distractibility and dysarthria on the Appel score. 
Smooth pursuit
The decline in velocity gain and the proportion of time spent in smooth pursuit with increasing speeds occurred at a faster rate in MND patients compared to controls. Shaunak et al. [42] in 1995 found smooth pursuit to be normal while four earlier studies [23, 25, 29, 34] smooth pursuit gain was found to be reduced. In another study abnormal smooth pursuit was observed due to the breakdown of the smooth tracking by saccadic interruptions or intrusions [19] . Many cortical regions are involved in the control of smooth pursuit [22, 45] and therefore abnormalities found might be felt to be non-discriminatory, however, smooth pursuit representation in the FEF is felt to be involved in setting the gain of pursuit eye movements [43, 44] . This would allow an impairment of frontal lobe functions explain the abnormalities of smooth pursuit that have been demonstrated.
Summary
Reflexive saccades appear to be slow in bulbar-onset MND compared to spinal-onset patients and controls. This is likely to be as a direct result of brainstem involvement, in particular the burst cell neurons of the midbrain and pons. Caution must be exercised, however, in distinguishing bulbar-onset MND from PSP when a patient a pseudobulbar palsy presents with slow saccades. It would be of use to know whether saccades in bulbar-onset MND become progressively slowed over time as they could then be used as biomarker of disease.
